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Abstract 14 
Natural biopolymers such as chitosan and cellulose hav  demonstrated huge potential in 15 
important and rapidly growing environmental and biomedical applications. However, it is always 16 
challenging to create advanced functional biopolymer aterials with enhanced hydrolytic stability 17 
cost-effectively. Here, we report an advance in prepa ing biopolymer polyelectrolyte complexed 18 
materials based on chitosan and carboxymethyl cellulose (CMC) using a “dry”, thermo-mechanical 19 
kneading method. Despite the high hydrophilicity of chitosan and CMC, the resulting films showed 20 
excellent dimensional stability and structural integrity (27% dimensional expansion and 94% weight 21 
2 
increase after hydration for one day). In comparison, chitosan-only films were swollen dramatically 22 
under the same conditions, with a 138% dimensional expansion and a 913% rise in weight, which 23 
were also fragile. We propose that our processing method led to polyelectrolyte complexation 24 
between chitosan and CMC generating physical crosslinking points in the materials, which stabilised 25 
the films in water. Interestingly, the greater hydrolytic stability of chitosan/CMC films is in contrast 26 
with their higher surface hydrophilicity, a contribution from CMC. Our simple approach to 27 
engineering high-performance biopolymer materials without resorting to complex chemistries can be 28 
envisioned to bring about a new direction in the design of advanced functional materials where 29 
sustainability and cost-effectiveness are priorities. 30 
Keywords: A. Biocomposites; A. Nanocomposites; A. Polymer-matrix composites (PMCs); 31 
Biopolymer 32 
1 Introduction 33 
In recent years, there has been huge interest in using natural biopolymers for materials 34 
development due to the desire to achieve sustainability and to make use of the unique properties of 35 
these naturally occurring organic compounds. Natural biopolymers such as cellulose, chitin, proteins, 36 
and starch have many advantages over traditional sythetic polymers such as wide availability, 37 
renewability, nontoxicity, biocompatibility, and biodegradability. Moreover, their unique 38 
characteristics could find potential use in value-added applications such as antimicrobial biomaterial 39 
coatings [1], antifouling oil/water separation mesh [2, 3], tribological power generation [4], smart 40 
textiles and soft robotics [5], and patches for the treatment of heart disease [6]. 41 
On the other hand, polyelectrolyte complexation has been an interesting topic as it opens the 42 
3 
possibility of creating responsive and smart materil systems with tailored strength or texture based 43 
on the dissociation/reassociation of oppositely charged polymer chains [7, 8]. This is also an 44 
important approach to creating polysaccharide-based micro- and nanoparticles, beads, capsules, and 45 
hydrogels with desired structures (e.g., core-shell) and functional properties for drug delivery, wound 46 
dressing, tissue engineering, and other fields [9-11]. In particular, chitosan (derived from chitin by47 
deacetylation), as a cationic polysaccharide, can be complexed with negatively charged biopolymers 48 
such as proteins, alginate, carboxymethyl starch, pectin, chondroitin sulphate, and dextrin sulphate 49 
[12]. However, research on polysaccharide-based polyelectrolyte-complexed films has just started. 50 
Chitosan/gum Arabic complexed films have been shown to exhibit suitable mechanical and 51 
functional properties (antimicrobial and controlled-release) for food packaging [13] and drug 52 
delivery [14]. Basu et al. [15] demonstrated the excellent oil and water barrier properties of 53 
chitosan/carboxymethyl cellulose (CMC) polyelectrolyte complexed films.  54 
While studies on biopolymer materials (including polyelectrolyte complexes) have 55 
predominantly relied on solution processing methods, thermomechanical processing has been shown 56 
to be sustainable and cost-effective for the processing biopolymers (e.g., chitosan [16, 17] and 57 
alginate [18]). Any processing of biopolymers should be able to effectively disrupt the hydrogen 58 
bonding networks and provide a route to re-establish new hydrogen bonds in the post-processed 59 
materials. In this work, we report the preparation of chitosan/CMC polyelectrolyte complexed films 60 
using a thermomechanical processing method, which has not been attempted before. The 61 
hybridisation of CMC as a much cheaper biopolymer with chitosan is expected to reduce the cost of 62 
the resulting materials. Whilst the hybridisation of chitosan and cellulose normally relies on 63 
4 
hydrogen bonding between the two phases to achieve property enhancement [19, 20], our work here 64 
indicates additional polyelectrolyte complexation between chitosan and CMC. Without chemical 65 
reaction, our engineered films unexpectedly show much better hydrolytic stability than chitosan or 66 
CMC alone. Thus, the materials developed could be significant potential for biomedical applications 67 
such as tissue engineering and wound healing. Furthermore, we tailored the material properties by 68 
incorporating two naturally-occurring nanoclays (montmorillonite, MMT, in the form of 69 
two-dimensional (2D) nanoplatelets; and sepiolite, SPT, in the form of one-dimensional (1D) 70 
nanoneedles) in the formulations. As these nanoclays are negatively charged in their natural forms 71 
due to isomorphic substitutions occurring inside th clay platelets [21, 22], the competing 72 
interactions among chitosan, CMC and nanoclay could be interrogated. Therefore, our work could 73 
provide fundamental insights into the rational design of multifunctional multiphasic biopolymer 74 
nanocomposites with tailored structures and properties for even wider applications. 75 
2 Experimental Section 76 
2.1 Materials 77 
A low-molecular-weight chitosan was used in this work, which is commercially available and 78 
described previously [23]. This chitosan has been characterised in our previous study [24]. 79 
Carboxymethyl cellulose (CMC) sodium, with a molecular mass of 90,000 g·mol−1, a degree of 80 
substitution (DS) of 0.7, and a viscosity of 50–100 mPa·s (Brookfield, 2% solution, at 25 °C), was 81 
purchased from Shanghai Macklin Biochemical Co., Ltd., Shanghai, China. The characteristics of the 82 
CMC are shown in Figure S1. The details of other materi ls and chemicals are given in our previous 83 
report [24]. 84 
5 
2.2 Sample preparation 85 
A range of biopolymer samples were prepared with their formulations and codes shown in Table 86 
1. Montmorillonite (MMT) or sepiolite (SPT) was dispersed in 25 mL of 2M formic acid in small 87 
vials, which were treated with ultrasound using a tip-type sonicator (200 W, 24 kHz) for 10 min. 88 
Chitosan and/or CMC were pre-blended mechanically for 20 min, during which 2M formic acid 89 
solution (90 mL) and the treated nanoclay suspension (25 mL) were added dropwise. Then, the 90 
pre-blended mixtures were stored hermetically overnight in a fridge before thermo-mechanical 91 
mixing and compression moulding. In Table 1, codes such as “A/M-F” and “B/S-F” are used, where 92 
“A” is the matrix with only chitosan while “B” indicates chitosan/CMC was the matrix; “M” (MMT), 93 
“S” (SPT), or “MS” (MMT and SPT) represents the clay used; and “F” means processed as a film. 94 
Table 1. Sample codes and compositions. 95 
Sample Chitosan (g) CMC (g) MMT (g) SPT (g) 2M Formic acid (mL) 
A-F 45 – – – 90+25 
A/M-F 45 – 0.6750 (1.5%) – 90+25 
A/S-F 45 – – 0.6750 (1.5%) 90+25 
A/MS-F 45 – 0.3375 (0.75%) 0.3375 (0.75%) 90+25 
B-F 22.5 22.5 – – 90+25 
B/M-F 22.5 22.5 0.6750 (1.5%) – 90+25 
B/S-F 22.5 22.5 – 0.6750 (1.5%) 90+25 
B/MS-F 22.5 22.5 0.3375 (0.75%) 0.3375 (0.75%) 90+25 
The thermo-mechanical mixing was carried out for 15 min at a screw speed of 30 rpm and a 96 
6 
temperature of 80 °C using a HAAKE™ Rheomix OS Lab Mixer (Thermo Fisher Scientific, 97 
Waltham, MA, USA). The thermally processed materials were compression-moulded into films of 98 
1.2 mm thickness using a COLLIN® P200 P/M platen press (COLLIN Lab & Pilot Solutions GmbH, 99 
Ebersberg, Germany). The mould used has an interior platen size of 150 mm ×150 mm and a 100 
thickness of 1.2 mm. The conditions used for hot pressing were firstly, the sample was held at 101 
110 °C and 160 bar for 10 min, followed by cooling to, and maintained at, room temperature (RT) 102 
for another 5 min. The compression-moulded films were stored in desiccators maintained at 57% 103 
relative humidity (RH) achieved using saturated NaBr for 3 weeks before characterisation. In the 104 
desiccators, toluene was placed in an open beaker to prevent the samples from becoming mouldy. 105 
After conditioning, Type V dumbbell-shaped specimens were cut from the sheets according to 106 
ASTM Standard D638-14, which were then left openly at RT for 2 days before characterisation. 107 
3 Results and Discussion 108 
3.1 Hydrolytic stability and mechanical properties 109 
By simply thermomechanical mixing of a biopolymer with limited amounts of aqueous acid 110 
followed by compression moulding, we obtained well-formed biopolymer films (Figure S2). 111 
Chitosan (A) films were light brown whilst the chitosan/CMC (B) formulations had a darker colour, 112 
especially with the addition of nanoclay. When the films were prepared, they were flexible 113 
(particularly, chitosan/CMC films were softer) but, they all became rigid with similar density 114 
(Figure S3) after conditioning (i.e. a process for removal of excess moisture and for recrystallisation). 115 
However, after soaking in water for up to 24 h, the conditioned chitosan films were swollen 116 
dramatically (Figure S2 and Figure S4). Specifically, the dimensions (widths) of A-F at 30 min and 1 117 
7 
day were 184±19% and 238±25%, respectively, of its original dimension; the weights of A-F at 30 118 
min and 1 day were 357±41% and 1013±29%, respectively, of its original weight. The addition of 119 
nanoclay could only moderately reduce the dimensional a d weight changes. In contrast, although 120 
the conditioned chitosan/CMC (B) films still swelled in water, they were much more hydrolytically 121 
stable (Figure S2 and Figure S4). This is unexpected onsidering that a low-molecular-mass chitosan 122 
and a CMC sodium salt were used, which are rather hydrophilic or even water-soluble. Even after 123 
hydration for 1 day, the B-F film had a 127±1% increase in dimensions and was 194±2% weight of 124 
its original value, both much lower than the percentages for the chitosan (A) films. These changes 125 
were only reduced marginally by the addition of nanoclay. For example, the dimension and weight of 126 
B/MS-F at 1 day were 121±2% and 176±0% of its original values. The enhanced hydrolytic stability 127 
could make this new type of polysaccharide complexed material highly useful for application as 128 
artificial skin and in wound dressings. The increased resistance to swelling with water can be 129 
attributed to the strong hydrogen-bonding and electrostatic interactions formed between the two 130 
reversely charged polysaccharides during processing. The complexation may have contributed to the 131 
formation of physical crosslinks between the materils, which could stabilise the polyelectrolyte 132 
complexed films in water.  133 
We tested the tensile properties of the biopolymer films both in the dry state (after conditioning) 134 
and in a wet state after soaking in water for 30 min (F gure 1). The mechanical properties of these 135 
different formulations in the dry state were similar, except that chitosan/CMC (B) films displayed 136 
slightly higher σt, and lower εb, especially with the addition of nanoclay. All the films had quite small 137 
elongation at break (εb) values (up to 22.6%), indicating their brittle character. Therefore, we 138 
8 
consider the mechanical properties of these dry samples were mainly determined by the hydrogen 139 
bonding between the biopolymer chains. Correspondingly, recent research has shown that with 140 
enhanced hydrogen bonding between cellulose molecular hains, densified bulk natural wood could 141 
display remarkably increased mechanical properties and enhanced dimensional stability [25, 26]. For 142 
the dry films, the stress–strain curve is typical of a hard and tough polymer, with strain hardening 143 
observed (Figure S5a), which verifies the strong interactions between biopolymer chains.  144 
  145 
Figure 1. Tensile mechanical properties a) tensile strength and b) elongation at break of chitosan 146 
films in the dry state and chitosan/CMC films both in the dry state and in a hydrated state after 147 
soaking in water for 30 min. The error bars represent standard deviations.  148 
Compared to the dry samples, hydrated chitosan/CMC (B) films showed significantly reduced 149 
tensile strength (σt) and remarkably higher εb. Regarding this, the hydrogen bonds might have been 150 
most disrupted by water molecules through interacting with biopolymer hydroxyl groups. However, 151 
there should be some physical crosslinking points resulting from polyelectrolyte complexation in the 152 
materials, which were responsible for maintaining the integrity and dimensional stability of the 153 





































































































be observed from the linear tensile stress–strain curves (Figure S5b), which is typical of an 155 
elastomeric polymer. The chitosan/CMC polyelectrolyte complexed system here could be understood 156 
by making an analogy with polyurethane elastomers [27], whose elastomeric properties are governed 157 
by their crosslinks. On the contrary, for the chitosan (A) formulations, once the original hydrogen 158 
bonds were disrupted by water molecules, no other forces existed to maintain the confined molecular 159 
network and thus the whole material was dramatically swollen, which were even too delicate to have 160 
their mechanical properties tested.  161 
3.2 Surface hydrophilicity 162 
Contact angle (θc) was used to indicate the surface hydrophilicity of the different biopolymer 163 
films. As θc kept changing after a water drop was placed on the film surface, the values at 0 s and 164 
60 s were recorded (Figure 2a). All chitosan (A) films displayed similar θc values at 0 s (90–96°) and 165 
at 60 s (65–72°) and the effect of nanoclay on the surface hydrophilicity was not apparent. Compared 166 
with chitosan (A) films, chitosan/CMC (B) films all had much lower θc values, indicating higher 167 
surface hydrophilicity (Figure 2b). In particular, B-F had θc of 71±6° at 0 s and 60±5° at 60 s. This is 168 
expected since CMC is a sodium salt having strong hydrophilicity and even water-dissolvable. 169 
Compared with B-F, B/M-F did not show any apparent difference in surface hydrophilic, whereas 170 
B/S-F and B/MS-F showed slightly higher θc values both at 0 s and 60 s. Although both nanoclays 171 
are hydrophilic, the more finely dispersed SPT (discus ed in TEM section) may be more effective at 172 
shielding the interactions of biopolymer chains with water molecules, leading to increased surface 173 
hydrophobicity. 174 
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  175 
Figure 2. a) Contact angle values for different biopolymer films at 0 s and 60 s. The error bars 176 
represent standard deviations. b) Droplet images of A-F and B-F at 0 s and 60 s. 177 
3.3 Morphology 178 
Figure 3 shows the scanning electron microscopy (SEM) images of the different biopolymer 179 
films. All the samples showed a cohesive cryo-fractured surface with the absence of the original 180 
clumpy features of chitosan [24] and CMC (Figure S1), indicating successful processing of the 181 
















































Figure 3. SEM images of the cryo-fractured surfaces of different biopolymers films. 184 
Compared with that of A-F, the cryo-fractured surfaces of A/M-F, A/S-F, and A/MS-F appear 185 
more cohesive, most probably associated with the dispersed nanoclays. In contrast to chitosan (A) 186 
films, B-F signified a smoother cryo-fractured surface. However, this effect seemed to be negated by 187 
the addition of nanoclay. In particular, B/M-F and B/MS-F presented slightly uneven textures. In 188 
A/S-F, A/MS-F, B/S-F and B/MS-F, evenly dispersed white dots or even protruding rods were 189 
clearly noticeable. These features were the dispersed SPT nanoparticles, confirmed by STEM 190 
analysis below. Our SEM observations indicate that MMT had a greater effect than SPT on the 191 
morphology of the biopolymer films, which might be attributed to the larger surface area and thus 192 
stronger interactions of MMT.  193 
12 
While conventional transmission electron microscopy (TEM) analysis (Figure S6) shows some 194 
large-sized features as nanoclay agglomerates [28] and biopolymer structures, such analysis in this 195 
work, however, did not render a clear contrast of the dispersed fine particles within the matrix. Thus, 196 
we employed scanning TEM (STEM) to acquire microscopi  images of the different biopolymer 197 
samples at higher magnifications with better resoluti ns. Figure 4 depicts MMT, SPT and MMT/SPT 198 
particle distributions within chitosan (A) and chitosan/CMC (B) samples. For the sake of simplicity, 199 
high-angle annular dark-field (HAADF) images taken at the same magnification are shown for each 200 
of the samples, whilst a pair of high magnification HAADF and bright-field (BF) images are 201 
presented for A/MS-F and B/MS-F.  202 
 203 
Figure 4. STEM images of different biopolymers films. 204 
In A-F, MMT is present in a wide range of particle size distributions from < 50 nm to up to 205 
13 
400 nm with irregular shapes. In contrast but as expected, SPT particles in A/S-F appear needle-like 206 
in shape, most of which are up to over 150 nm in length and with a large aspect ratio. A mixture of 207 
MMT and SPT particles are clearly seen in A/MS-F, but oth show a relatively smaller size 208 
compared to when it was dispersed alone. The nanoclys (containing Si, Al, Mg, and K) in the 209 
STEM images were different from the chitosan structural features (Figure S7) in morphology and 210 
were also confirmed by energy-dispersive X-ray spectrometry (EDS) analysis, and the case of A/S-F 211 
is given in Figure S8.  212 
The B-F film shows a highly homogenous morphology without biopolymer structural features 213 
(Figure S7), which could be due to the strong interactions between chitosan and CMC and the 214 
possible plasticization effect of CMC on chitosan. For the chitosan/CMC (B) set of samples, the 215 
distribution of MMT, SPT, and MMT/SPT are similar to that for the chitosan (A) samples. For both 216 
A and B samples, there seem to be more MMT agglomerates than those of SPT, indicating stronger 217 
inherent interactions between MMT platelets. The agglomerated and tactoid structures are formed by 218 
ionic interactions between platelets and to some ext nt by the hydroxylated edge–edge interactions 219 
of the silicate layers [28]. 220 
Irrespective of the type of clay, a finer dispersion of clay was found in chitosan alone (A) than in 221 
chitosan/CMC (B) (see high magnification images). Both MMT and SPT are negatively charged and 222 
have a hydrophilic character [21, 22, 29]. Chitosan, a polycation, could effectively interact with the 223 
negatively charged clays, functioning as an organomodifier (surfactant) [21, 30]. Therefore, an 224 
excellent dispersion of nanoclay in chitosan is expected. However, with CMC, a polyanion, in the 225 
matrix, there could also be strong interactions betwe n the two biopolymers, which weakened the 226 
14 
interactions between chitosan and nanoclay. In general, our processing protocol allowed an excellent 227 
dispersion of nanoclay in the biopolymer matrices for all samples. 228 
3.4 Crystalline structure 229 
Using X-ray diffraction (XRD), we examined the crystalline structures of the different 230 
biopolymer films (Figure 5). All chitosan (A) films showed similar XRD patterns, which are 231 
different from those of the unprocessed chitosan [24]. These films presented three major peaks at 2θ 232 
of about 13.5° ((020) reflection, d-spacing = 0.76 nm), 21.7° ((100) reflection, 0.48 nm), and 27.2° 233 
((110) reflection, 0.38 nm). The (100) reflection shifted from 23.3° 2θ for the unprocessed chitosan 234 
to 21.7° 2θ for the processed chitosan (suggesting an enlarged d-spacing of the chitosan crystal 235 
lattice), while the (020) reflection of the unprocess d chitosan at 12.0° 2θ became extremely weak. 236 
The (100) and (020) reflections and the new (110) reflection are all attributed to the regular crystal 237 
lattice of chitosan [31], which were also observed previously for thermomechanically-processed 238 
chitosan films [16, 17, 23, 24, 32]. Moreover, the c itosan (A) formulations additionally showed 239 
some smaller peaks at 2θ of 10.0° (1.03 nm), 19.0° (0.54 nm), and 30.8° (0.34 nm). In this regard, 240 
the stronger acid treatment used in this work could have largely destroyed the original crystalline 241 
structure and a different crystalline structure formed during processing and conditioning. In this 242 




Figure 5. XRD patterns for different biopolymer films. 246 
For A/MMT-F, the characteristic (001) refection of MMT was not shown, suggesting the 247 
successful delamination or partial exfoliation of MMT nanoplatelets. For A/S-F and A/MS-F, the 248 
characteristic SPT peak at 8.5° 2θ is still observed, which is associated with the non-swelling nature 249 
of SPT (i.e. the zeolitic pores could not be affected by processing).  250 
In contrast to chitosan (A) formulations, all chitosan/CMC (B) films showed mostly amorphous 251 
XRD patterns. The addition of CMC to the matrix largely suppressed the diffraction peaks 252 
characteristic of chitosan, with only the reflections at 13.5° and 30.8° 2θ remaining visible. The 253 
electrostatic and hydrogen bonding interactions betwe n chitosan and CMC could have limited the 254 
recrystallisation of chitosan. Moreover, the original structure of CMC should have also been 255 
destroyed by processing as its characteristic peak at 23.3° (d-spacing = 0.44 nm) (Figure S1b), 256 
ascribed to the (110) lattice plane of the cellulose II crystalline structure [33-36], was not visible for 257 












































chitosan/CMC films. 258 
From the XRD results, the crystalline structure of the films was mainly influenced by the 259 
biopolymers whereas inclusion of nanoclays had no major effect. 260 
3.5 Molecular Interactions 261 
Fourier-transform infrared (FTIR) analysis was undertaken to understand the chemical 262 
interactions in the different biopolymer films (Figure 6). Chitosan (A) films displayed quite similar 263 
FTIR spectra, which were close to that of the unprocessed chitosan [24], This suggests no significant 264 
molecular interactions occurred resulting from processing or the addition of nanoclays.  265 
 266 
Figure 6. FTIR spectra for different biopolymer films. 267 
Chitosan/CMC (B) films had FTIR spectra that were largely similar to those of chitosan (A) 268 
formulations. Original CMC displays characteristic bands at 1055 cm−1, 1414 cm−1, and 1589 cm−1 269 
(Figure S1c) for the C─O stretching vibration band of ether groups and the asymmetric and 270 
symmetric modes of stretching vibrations of carboxylate ions, respectively [37-40]. In the complexed 271 
































































films, the characteristic peak of CMC at 1414 cm−1 was weak and those of CMC at 1055 cm−1 and 272 
1589 cm−1 (Figure S1c) could be overlapped by the bands of chitosan and/or have shifted positions. 273 
Moreover, there were shifts in the positions of some characteristic bands of chitosan. The bands at 274 
1572 cm−1 (amide II or the ─NH2 group of chitosan), 1256 cm
−1 (amide III), and 1377 cm−1 (the CH3 275 
symmetrical deformation mode) were blue-shifted, while that at 1056 cm−1 (the skeletal vibration of 276 
glucosamine involving the ─C─O─ stretching) was red-shifted. These shifts indicate strong 277 
molecular interactions between chitosan and CMC involving the saccharide backbone, amine and 278 
amide groups of chitosan, and the carboxylate of CMC. On the other hand, the FTIR spectra of four 279 
chitosan/CMC formulations appear quite similar, suggesting that the addition of nanoclays did not 280 
change the biopolymer molecular interactions signifcantly.  281 
3.6 Nanoindentation 282 
Hardness (H) and reduced elastic modulus (Er) on the nanoscale of the biopolymer samples were 283 
obtained from nanoindentation measurements (Figure 7). A constant indention depth of 2 µm was set 284 
for all samples as this was within the range that ws free of the surface and substrate effects 285 
(Figure S9) [41]. Typical indentation loading-holding-unloading curves are shown in Figure 7a. For 286 
all the samples, the unloading curve inflects especially towards the end, reflecting the viscoelasticity 287 
of polymers [42]. The corresponding loads to the 2µm depth into the sample surface were higher for 288 
chitosan/CMC (B) formulations than for chitosan (A) formulations. The difference can be further 289 
examined using H (which is the result of the maximum load divided by the residual indentation area) 290 
(Figure 7b). Overall, polyelectrolyte complexation between the two biopolymers led to higher H, 291 
whereas the effect of nanoclay was minor. While a different measurement, this trend was in 292 
18 
agreement with Shore D bulk hardness results (Figure S10). Compared with A-F and A/M-F, A/S-F 293 
and A/MS-F displayed higher Er values, which can be attributed to the needle-like nanoclay. 294 
However, a similar effect on addition of the nanoparticles was not observed for the chitosan/CMC 295 
formulations as they showed equivalent Er. Again, the interactions between chitosan and CMC 296 
weakened the interactions between chitosan and nanoclay. 297 
 298 
 299 
Figure 7. Typical loading-holding-unloading curves (a), hardness (b), and reduced modulus (c) of 300 
different biopolymer films. The error bars represent standard deviations. 301 
3.7 Relaxation 302 
Dynamic mechanical thermal analysis (DMTA) was used to investigate the molecular 303 

















































































































relaxations of the biopolymer films (Figure 8). All chitosan (A) films exhibited very similar tan δ 304 
profiles, with two transitions clearly identified. The weak transition centred at about −47 °C is 305 
considered to be a β-relaxation attributed to the motions of the side chains or lateral groups of 306 
chitosan interacting with small molecules such as wter by hydrogen bonding [17, 43, 44]. A more 307 
prominent transition with a peak temperature at about 119 °C may be associated with the α-transition 308 
of chitosan. According to Quijada-Garrido et al. [43, 4], the α-relaxation can be attributed to the 309 
glass transition and interpreted as torsional oscillations between two glucopyranose rings across a 310 
glucosidic oxygen and the reordering of cooperative hydrogen bonds. 311 
 312 
Figure 8. DMTA curves for different biopolymer films. 313 
All chitosan/CMC (B) films displayed tan δ profiles similar to those of chitosan (A) films. 314 
However, for B/M-F, B/S-F and B/MS-F, the β-relaxation moved to higher temperatures (centred at 315 
ca. −37 °C), suggesting that the motions of the side chains or lateral groups of biopolymers were 316 
more restricted due to the complexation of the two biopolymers. Compared with chitosan (A) films, 317 
B-F had a lower glass transition temperature (Tg) of 96 °C and much higher peak intensity, indicating 318 
CMC had a plasticisation effect on chitosan and made the system have more viscous behaviour (less 319 





















elastic behaviour). The addition of nanoclay resulted in an increase in the Tg of B-F to 107–110 °C 320 
for B/M-F, B/S-F, and B/MS-F. The inclusion of the nanoclay disrupts the interactions between 321 
chitosan and CMC.  322 
Frequency scans from 0.01 Hz to 20 Hz of these biopolymer films at RT were also performed 323 
(Figure S11). For all the samples, E′ kept increasing with frequency, corresponding to the 324 
viscoelasticity of polymers. Similar slopes of the E′ versus frequency curves were shown on a 325 
log-log plot, implying that the nanoclays had no significant effect on the viscoelasticity of the 326 
samples.  327 
3.8 Thermal stability 328 
The thermal stability of the different biopolymer films was studied by TGA, with the derivative 329 
weight plots as a function of temperature shown in Figure 9. For all the chitosan (A) films, there was 330 
a major weight loss between 200 °C and 400 °C with the peak temperature unchanged even with the 331 
addition of nanoclay. Immediately before the major peak, there was a small, sharp peak centred 332 
between about 200 °C and 240 °C, attributed to the initial de-polymerisation of the biopolymer.  333 
21 
 334 
Figure 9. Derivative weight loss curves for different biopolymer films. 335 
B-F showed major weight loss peaks associated with chitosan at 304 °C and CMC at 273 °C (the 336 
peak temperature of the original CMC was at 274 °C, see Figure S1). Furthermore, there were two 337 
small peaks at 169 °C and 223 °C, which could be ascribed to the initial de-polymerisation of the 338 
biopolymers. Apparently, the complexation with CMC made chitosan more prone to thermal 339 
degradation as the initial de-polymerisation occurred at lower temperatures. Regarding this, the Na+ 340 
ion of CMC may have a sensitization effect on the thermal decomposition of chitosan. With the 341 
addition of nanoclay, all the derivative-weight peaks slightly shifted to lower temperatures. For 342 
example, for B/M-F, B/S-F, and B/MS-F, the CMC peak was all at 270 °C. This decreased thermal 343 
stability may be due to the sensitization effect of metal ions of the clays. 344 
4 Conclusions 345 
It has been demonstrated that hydrolytically stable chitosan/CMC polyelectrolyte complexed 346 
materials can be prepared by a method involving high-v scosity thermomechanical processing 347 






































enabling effective electrostatic complexation and hy rogen bonding between the two 348 
polysaccharides. This is so despite inclusion of the CMC in the matrix increasing the surface 349 
hydrophilicity of the blend material. As these biopolymer films contained no covalent crosslinks, the 350 
enhanced hydrolytic stability is totally unexpected and unconventional. Moreover, we propose the 351 
property changes caused by addition of MMT or SPT should be related to the competing interactions 352 
between chitosan, CMC and nanoclay and how these nanoparticles vary such 353 
highly-hydrogen-bonded biopolymer systems. 354 
The novel biopolymer polyelectrolyte complexed materi ls developed in this study, without 355 
chemical reactions, will be highly beneficial especially for biomedical applications requiring 356 
excellent biocompatibility, biosafety, biodegradability, antimicrobial and antifungal activity where 357 
exceptional hydrolytic stability during in-service use is also demanding (e.g. in implants, 358 
antimicrobial wound healing, tissue engineering scaffolds, drug delivery carriers).  359 
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 Thermomechanical processing led to polyelectrolyte complexation between chitosan 
and CMC 
 Chitosan/CMC films were more hydrolytically stable than chitosan-alone films 
 Chitosan/CMC films had higher surface hydrophilicity than chitosan-alone films 
 Chitosan/CMC complexed materials are potential for biomedical applications 
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